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Solid Xenon

3

Phonons
~100 meV/ph

 Ionization
~10 eV/el

Scintillation
~100 eV/γ

Why	  Xenon	  ?
•	  No	  long-‐lived	  Xe	  radio	  isotope	  (no	  intrinsic	  background)
•	  High	  yield	  of	  scin=lla=on	  light	  
•	  Scin=lla=on	  wavelength	  :	  175nm	  (op=cally	  transparent)
•	  Rela=vely	  high	  mel=ng	  point	  :	  Tm	  =	  161K
•	  Simple	  crystal	  structure	  :	  fcc	  (same	  as	  Ge)
•	  Easy	  purifica=on	  (dis=lla=on,	  etc)
•	  Self	  shielding	  :	  Z=54
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Why	  Solid?
•	  	  For	  solar	  axion	  search,	  being	  a	  crystal	  is	  crucial	  (Bragg	  scaSering)
•	  	  More	  scin=lla=on	  light	  readout	  than	  liquid	  phase	  is	  reported	  
•	  	  DriWing	  electrons	  faster	  in	  the	  crystal
•	  	  Superb	  low	  noise	  superconduc=ng	  sensors	  are	  running	  at	  low	  temperature	  (mK	  ~	  K)
•	  	  Phonon	  read	  out	  :	  largest	  number	  of	  quanta	  (~10,000	  phonons	  /	  keV)
	  	  	  	  	  	  	  	  	  -‐	  In	  principle	  best	  energy	  resolu=on	  can	  be	  achieved	  in	  phonon	  channel
	  	  	  	  	  	  	  	  	  -‐	  Luke-‐phonon	  readout	  will	  provide	  ioniza=on	  energy	  and	  posi=on	  informa=on
•	  	  No	  further	  background	  contamina=on	  through	  circula=on	  loop	  (no	  convec=on	  mix)
•	  	  Op=mal	  detector	  design	  for	  low	  background	  experiment
	  	  	  	  	  	  	  	  	  -‐	  Possible	  container-‐free	  design	  
	  	  	  	  	  	  	  	  	  -‐	  No	  outgassing	  issue	  -‐-‐	  backgrounds	  freeze	  out	  



Solid Xenon Property
IEEE Transactionson Nuclear Science, Vol. 35,1 (1988)

Scintillation

Sov.Phys.JETP	  55	  (1982),	  650

Electron drift

xenon
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(1)	  Solar	  axion	  search:	  crystal
	  	  	  	  	  	  	  	  	  -‐	  scin*lla*on	  /	  (ioniza*on)

(2)	  Dark	  maJer	  search	  :	  readout	  two(or	  three)	  signals
	  	  	  	  	  	  	  	  	  -‐	  scin*lla*on	  /	  ioniza*on	  /	  (phonon)

(3)	  Neutrinoless	  double	  beta	  decay	  (0v2b)	  :	  136Xe	  enriched	  
	  	  	  	  	  	  	  	  	  -‐	  scin*lla*on	  /	  ioniza*on	  /	  phonon	  

(4)	  pp-‐Solar	  neutrino	  measurement	  :	  136Xe	  depleted	  

(5)	  Supernova	  detec*on

(6)	  Neutrino	  coherent	  scaJering

(7)	  Medical	  usage	  (MRI/NMR)	  :	  hyperpolarized	  131Xe

Full	  of	  science	  topics	  

•	  Strong	  mo*va*on	  for	  R&D

•	  Does	  not	  mean	  we	  can	  ini*ate	  an	  experiment	  

→	  We	  need	  a	  proven	  technology	  

Science
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Axion Search

Time-‐energy	  plot	  of	  the	  expected	  event	  rate	  for	  finding
photon-‐converted	  solar	  axions	  with	  a	  CDMS	  germanium	  
crystal	  detector

Low	  background	  
crystal	  detector	  

Coherent	  ScaJering	  of	  Axion	  in	  Crystal

Bragg	  Condi*on

6Yoo2014-‐02-‐18



Community is Ready to Enjoy the Solar Axion
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νμ	  from	  K	  
decay	  at	  rest	  

μ-‐	  capture

Coherent Elastic Neutrino Nucleus Scattering: CENNS

⇥�N ' 4

�
E2

� [Z⇤p + (A� Z)⇤n]
2 Low	  energy	  threshold	  (~10s	  keV)

Fast	  response	  detector	  is	  required

E� <
1

RN
' 50 MeV

Never	  been	  observed!	  
A	  lot	  of	  physics	  cases	  (arXiv:1311.5958)

Booster	  Neutrinos	  at	  the	  Far-‐Off-‐Axis	  are
appropriate	  source	  to	  measure	  the	  CENNS	  

A	  ton-‐fiducial	  LAr	  detector	  
may	  discover	  the	  CENNS
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Solid Xenon CENNS Detector

For	  example:	  

●	  Dri`ing	  electrons	  in	  LXe:	  150μs/30cm
●	  Dri`ing	  electrons	  in	  SXe:	  30μs/30cm
→	  Steady	  state	  background	  reduc*on	  factor	  5

Sov.Phys.JETP	  55	  (1982),	  650

Electron drift

xenon
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1-‐ton	  single	  phase	  
liquid	  Argon	  detector	  
(fast	  response:	  ~μs)

100-‐kg	  dual	  phase	  
TPC	  Xenon	  detector
(slow	  response	  ~150μs)
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Neutrinoless Double Beta Decay

EXO-‐200	  (2012)
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136Xe:	  Q=2457.83	  keV	  ±	  0.37	  keV

232Th	  from	  Vessel

2νββ
ββ0ν



0νββ with Solid Xenon Tracking Detector

M.	  Filipenko
Univ.Erlangen

136Ba++	  tagging
(ex:single	  atom	  tagging:	  arXiv0808.3300)

Tracking	  electron	  pair

Energy	  Spectrum

MC	  simula^on	  of	  
0νββ	  decay	  
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Medical Research

(Images	  from	  www.ptb.de)

	  	  	  	  	  Proton	  MRI	  	  	  	  	  	  	  	  	   Combina*on	  	  	  	  	  	  	  	  	   129	  Xe	  MRI	  	  	  	  	  	  	  	  	  

●	  Hyperpolarized	  xenon	  MRI	  
→	  R&D	  for	  Hyperpolarized	  solid	  xenon	  	  (commercial	  applica^on)
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Solid Noble Element Detector R&D

 

2004@Syracuse
A	  student	  grew	  
large	  (~300g)	  scale	  	  
xenon	  “crystal”	  everyday	  
for	  medical	  research

1994@FNAL
Solid	  argon	  calorimeter	  
detector	  wasn’t	  
successful
	  

2004@TAMU
Ioniza=on	  readout
from	  solid	  Ar	  (not	  Xe).
Failed	  to	  grow	  large	  	  
crystals

1999@Japan
Successful	  grow	  of	  
thin	  solid	  xenon	  to	  
an	  ioniza=on	  sensor	  
using	  carbon	  graphite	  
film
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Solid Xenon in Japan (1999)

M.	  Miyajima	  (Tsukuba,	  Japan)
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Solid Xenon at Texas A&M (2004)
Solid	  xenon	  grow	  wasn’t	  successful

Solid	  argon	  grow	  (~100g)

Ioniza*on	  readout	  from	  SAr

	  	  	  	  	  	  	  	  	  James	  White	  	  	  	  	  	  	  	  	  	  	  
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Solid Xenon in Syracuse (2004) 

Pyrex	  vessel
with	  silver	  coa=ng

Inner	  Pyrex	  ample
with	  heater	  wires	  

●	  The	  purpose	  of	  the	  cryobath	  glass
chamber	  was	  to	  grow	  
hyperpolarized	  129Xe	  crystal	  for	  
medical	  usage	  (MRI/NMR)

Pros
The	  cryobath	  has	  been	  used	  for	  
years	  to	  grow	  Xe	  crystal
Most	  parts	  are	  commercially	  
available	  

Cons
Syracuse	  decided	  to	  use	  the
cryobath	  for	  cold	  fusion	  study

16Yoo2014-‐02-‐18



Kramer	  1976	  :	  Epitaxial	  growth	  of	  xenon	  crystal	  on	  Carbon-‐graphite	  film

Xenon Crystal
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Solid	  Xenon	  at	  Fermilab



Solid Xenon Test Stand at Lab-F 
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Outer Glass Chamber: Cooling Liquid Volume
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Slow Control System
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DAQ
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Liquid Nitrogen Cold Bath
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Frozen	  opaque	  xenon
Failed	  temperature	  control

Frost	  xenon	  layers
Failed	  pressure	  control	  

Failures
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Failures 

Failure	  of	  liquid	  nitrogen	  level	  control Failure	  of	  xenon	  flow	  control

25Yoo2014-‐02-‐18



Failures

Polycrystal-‐like	  structure
Failure	  of	  stability	  control	  of
temperature	  and	  pressure	  
near	  triple	  point	  of	  xenon
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Solid Xenon Grow

Liquid	  xenon
Keep	  the	  Temperature	  at	  164K
(boSom	  &	  barrel) Solid	  xenon	  grow!

Keep	  the	  temperature	  :
-‐	  @160K	  (top&barrel)
-‐	  @145K	  (boSom)
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Solid Xenon Grow
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Solid Xenon R&D Phase-1 
Liquid	  xenon	  (~200g)

Solid	  xenon	  (~850g)

Fermilab	  Center	  for	  Par=cle	  Astrophysics	  (FCPA)	  
New	  Ini=a=ve	  R&D	  Project	  

Phase-‐1	  Goal:	  demonstrated	  ~1kg	  size	  of	  
op=cally	  transparent	  solid	  phase	  of	  xenon	  

Collabora=on	  with	  
T.	  Saab,	  D.	  Balakishiyeva	  (U.Florida)
R.Mahapatra	  (TAMU)

Established	  Recipe
Top	  T	  :	  160	  ±	  0.5K
BoSom	  T	  :	  145	  ±	  0.5K
Xenon	  gas	  pressure	  :	  1.0	  ±	  0.1	  atm
Pa=ence	  :	  3cm	  growth	  /	  10	  hours

Phase-‐2

•Fermilab	  Par=cle	  Physics	  Division	  (PPD)	  review	  
panel	  approved	  Phase-‐2	  (2010)	  
(1)	  Automate	  process
(2)	  Scin=lla=on	  &	  Ioniza=on	  Readout
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Solid Xenon R&D Phase-2

Glass	  chamber	  pressure	  simula=on	  	  (H.Cease)
Max.	  allowed	  pressure	  <	  17.5	  psig

●	  New	  design	  of	  inner	  glass	  (xenon)	  chamber	  
and	  electric/gas	  feed	  throughs

●	  Address	  safety	  concerns	  of	  using	  glass	  chamber	  system
●	  Engineering	  support	  from	  Fermilab	  PPD

Cryobath	  phase	  separator

9”D	  glass	  chamber

4”D	  glass	  chamber

PMT	  or	  TPC

Electric	  feedthroughs
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Noble	  Gas	  Purifier	  (U.Florida)

Gas purification/analysis system

Residual	  Gas	  Analyzer	  (RGA)
31Yoo2014-‐02-‐18



Automatic control system

Touch	  screen	  control	  unit
Cryobath	  level,	  temperature,	  pressure	  and	  flow	  rates	  control	  
Monitoring	  (graph)	  tools,	  remote	  control	  	  (D.Markley)

Programmable	  Logic	  
Controller	  (PLC)

32Yoo2014-‐02-‐18



Solid Xenon Phase-2 Test Stand: Fermilab PAB
Safety	  backup	  chambers Xenon	  gas	  storages	  and

Calibra^on	  gas	  storage	  

Main	  chamber	  

DAQ

Gas	  control

33Yoo2014-‐02-‐18



Slow Control Monitor

D.	  Markley

34Yoo2014-‐02-‐18



System Test

solid
liquid

gas
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R11410 and R11065
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 Hamamatsu R6041-06MOD
• Photocathode diameter: 2 inch 
• Spectral response 169 ~ 650 nm
• Operating ambient temperature : 163K ~ 323K
• Quantum Efficiency at 175nm : ~20%
• Gain : ~106

• Anode pulse rise time : 2.3 nsec
• Weight : 95g
• Pressure resistance : 5 atm 

Photomultiplier

Single	  p.e.	  calibra*on	  (V.	  Anjur,	  IMSA)
in	  cold	  temperature	  
G	  =	  4.2e6	  (@860V,	  160K)

or	  33.6pVs	  at	  s.p.e	  
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System test: Scintillation Light 

●	  Ini*al	  test	  of	  scin*lla*on	  light	  readout	  
●	  Research	  grade	  xenon	  (<ppm	  for	  H2O,	  O2,	  N2,	  …	  )

Solid	  Xenon
(Background	  Run)

PMT	  pulses	  
(sequen^al	  segment	  readout)

Histogram	  (Integral)

LeCroy	  waveRunner	  104MXi
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Attenuation Length and Light Yield

Light	  yield	  in	  liquid	  xenon

38Yoo2014-‐02-‐18



Scintillation Light Readout in Solid Xenon

Does	  this	  mean	  more	  light	  yield	  in	  solid?

More	  #photon	  readout	  in	  solid	  phase!

570	  keV	  gamma	  from	  207Bi

39Yoo2014-‐02-‐18

Solid	  (155K)

Liquid	  (162K)

Single	  PMT	  detector,	  15psia

Preliminary



For example: Light Yield in Solid Neon

R.A.	  Michniak	  NIM	  A	  482	  (2002)	  387–394

40Yoo2014-‐02-‐18



For example: Photoelectron Measurement in Solid Xenon

Aprile	  et	  al,	  NIM	  A	  353	  (1994)	  55-‐58

41Yoo2014-‐02-‐18



Scintillation Mechanism in “Liquid” Xenon

electron recoil

nuclear recoil

atomic motion

excitation + ionization

Xe*

Xe+ + e-

+Xe

Xe2
+ + e-

Xe**+Xe

Xe2
*

+Xe

2Xe + hν

scintillation light (175 nm)

ionization 
electrons

escaping 
electrons

recombination

S2S1
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Theory of Electron, Hole, Exciton Interaction with Phonon

Y.	  Toyozawa,	  Prog.	  Theor.	  Phys.	  26,	  29	  (1961)	  

Localized	  
Excitons

Excitonic	  band	  
in	  rigid	  laqce

Free	  Exciton Self-‐Trapped	  Exciton

43Yoo2014-‐02-‐18



Excimer Decay Modes

Solid	  Xenon	  @4.7K

D.	  Varding	  et	  al.	  Phys.Stat.Sol	  (b)	  185,	  301	  (1994)

●	  Luminescence	  of	  free	  excitons	  exceeds	  
the	  self-‐trapped	  exciton	  luminescence	  
by	  a	  factor	  of	  50	  (peak-‐to-‐peak).
	  	  

●	  Monte-‐Carlo	  simula*ons	  of	  the	  exciton-‐polariton	  
transport	  model	  	  phonon	  scaJering	  and	  trapping.	  

free	  exciton	  decay

Temperature	  
dependency	  of	  
free	  exciton	  decay

self-‐trapped	  exciton	  decay
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Excimer Decay Luminescence Spectra

R.Kink	  et	  al	  Phys.	  Stat.	  Sol.	  (b)	  139,	  321	  (1987)

Real	  self-‐trapped	  Xe2*	  decay	  
(λ	  =165nm)

Xe2*	  	  decay	  which	  trapped	  
in	  crystal	  vacancies
(λ	  =172nm)

Solid	  Xenon	  at	  80K

45Yoo2014-‐02-‐18



46

2 PMT Setup

Optical fiber for s.p.e & m.p.e calibration

Bottom PMT

TOP PMT

Radioactive
source

Internal heater and thermometer

LED	  Calibra*on

Op*cal	  transparency
does	  not	  really	  change

Yoo2014-‐02-‐18



Single PE Response

TOP	  PMT BOTTOM	  PMT
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Photon Measurement

48Yoo2014-‐02-‐18
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Liquid	  Xenon	  (165K@15psia)	  	  	  	  	  	  	  	  	  	   Solid	  Xenon	  (155K@15psia)	  	  	  	  	  	  	  	  	  	  

Top	  PMT	  	  	  	  	  	  

BoJom	  PMT	  	  	  	  	  	  

BoJom	  PMT	  	  	  	  	  	  

Top	  PMT	  	  	  	  	  	  

●	  Significant	  difference	  between	  top	  and	  bowom	  PMT	  readout
→	  Index	  of	  refrac^on	  changes	  (poor	  contact	  between	  PMT	  and	  bulk	  volume)

→	  This	  result	  is	  reproducible	  with	  careful	  control	  over	  pressure	  and	  temperature
→	  Can	  be	  fixed	  by	  refining	  the	  freezing	  process	  (pressurize)



Photon Measurement
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Pressurize	  to	  18psia	  during	  
the	  freezing	  process
→	  then	  lower	  the	  pressure	  to	  15	  psia

BoJom	  PMT	  	  	  	  	  	  

Top	  PMT	  	  	  	  	  	  

●	  10%	  less	  photon	  readout	  (@570keV	  gamma)	  in	  solid	  phase
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Preliminary
Solid	  (155K)

Liquid	  (164K)

Photon Measurement

133Ba	  source	  (276keV,	  302keV,	  356keV,	  383keV)

●	  12%	  less	  photon	  readout	  (@~300keV	  range	  gammas)	  in	  solid	  phase
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PreliminaryLiquid	  (165K)Solid	  (157K)

57Co	  (122keV	  85%,	  134keV	  10%)	  

Photon Measurement

●	  16%	  less	  photon	  readout	  (@122keV	  gamma)	  in	  solid	  phase



Scintillation Property 
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157K	  (solid)

165K	  (liquid)

Scin^lla^on	  ^me	  distribu^on	  at	  57Co	  (@122	  keV	  peak)

●	  Singlet	  (1Σ+u	  →	  1Σ+g)	  	  and	  triplet	  (3Σ+u	  →	  1Σ+g)	  decay	  are	  not	  quite	  separable	  in	  the	  current	  setup
●	  There	  is	  hint	  for	  less	  triplet	  decay	  but	  more	  recombina^on	  photons	  in	  solid	  phase

Very	  long	  tail	  of	  recombina^on	  photons
→	  poten^al	  PSD	  btw	  ER	  vs.	  NR	  (?)

Pre
limi

nar
y



Scintillation Property 
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Two	  possible	  source	  of	  light	  loss	  in	  solid	  phase:
1.	  Shorter	  wavelength	  crea^on	  in	  crystal	  xenon	  

2.	  Photon	  loss	  due	  to	  slower	  recombina^on	  component	  in	  crystal	  xenon

→	  yes,	  if	  it	  is	  crystal	  phase	  of	  xenon	  	  

Singlet	  and	  triplet	  decay

Recombina^on	  

Preliminary



TPC	  test	  in	  vacuum

Cathode Grid

Anode

Electron Drift

Optical Fiber

Circulation tube

Effective 
Heat Exchanger

Photo Cathode

Cathode Grid

Anode Grid

Anode

2cm

Heater & 
Thermometer

●	  Ver^cal	  setup	  helps	  to	  reduce	  test	  ^me	  
→	  smaller	  effec^ve	  xenon	  volume

●	  The	  effec^ve	  heat	  exchanger	  
prevents	  accidental	  pressure	  shock

●	  A	  week	  of	  Xe	  purifica^on	  (circula^on)	  
in	  liquid	  phase	  :	  ~	  40	  pass	  of	  total	  volume
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Electron Drift in Solid & Liquid Xenon

Liquid	  xenon

Solid	  xenon
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Electron Drift in Solid & Liquid Xenon
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Anode

Cathode

SXe	  (157K)
LXe	  (164K)

SXe LXe

Preliminary

●	  Electric	  field:	  1kV/cm
●	  Dri{	  velocity	  :	  LXe	  (~2×105cm/s)	  and	  SXe	  (~4×105cm/s)	  

→	  Faster	  dri{	  in	  large	  scale	  solid	  xenon!	  
→	  Refined	  measurement	  with	  longer	  dri{	  length	  would	  provide	  bewer	  accuracy	  

A{er	  background	  noise	  subtrac^on



cathode	  t0	  (ct0)

anode	  t0	  (at0)

Δt=at0-‐ct0

2cm

7cm

Cathode(-‐215V)
Photocathode:	  gold-‐coated	  on	  Al	  plate
Au	  1000.	  Custom	  Al,	  PLATYPUS	  FC-‐2456

W.Jaskierny	  and	  E.Skup
TPC	  design	  is	  from	  LArTPC	  project	  at	  Fermilab

Ground	  Grid	  

Anode	  Grid

Anode	  (+500V)

Field	  shape	  rings

50MΩ	  Resistance	  

Electron Drift: What Next?
TPC	  performance	  test	  done	  in	  gas	  Argon
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Crystallography of Solid Xenon?

M. Filipenko
Univ. Erlangen
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Crystallography
High	  power	  X-‐ray	  source

Univ.	  Erlangen	  Crystallography	  Lab

16m
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Crystallography 
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University	  Erlangen	  Crystallography	  Lab

1”

Crystallography of Solid Xenon?
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BoJom	  of	  the	  glass	  tube	  (2mm)

Cold	  finger

Liquid	  Nitrogen

Solid	  argon	  crystal

Crystallography of Solid Xenon?
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Crystallography of Solid Xenon?
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Scawering	  by	  glass	  (amorphous)ScaSering	  by	  crystal	  layers
→	  single	  crystal

Crystallography of Solid Xenon?

Note:	  
1.	  This	  is	  argon	  crystal
2.	  The	  crystal	  is	  grown	  without	  any	  seed
3.	  Xenon	  test	  is	  coming	  soon	  
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Timepix:	  Pixelated	  semiconductor	  X-‐ray	  imaging	  detector
●	  256x256	  pixels/chip
●	  55μm,	  110μm	  or	  220	  μm	  pixel	  size	  choices
●	  Si	  or	  CdTe	  sensors
●	  Energy	  threshold	  for	  each	  pixel	  is	  about	  5	  keV	  (current	  version)	  
●	  Timing	  resolu^on:	  20ns

Yoo2014-‐02-‐18

Xenon Based Detector R&D at Fermilab
Fermilab & Univ.Erlangen



Low 
pressure
xenon

Ez
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MC simulation of two electron tracks

M. Filipenko

Yoo2014-‐02-‐18

Xenon Based Detector R&D at Fermilab

alphas

muon

electron

Timepix	  Opera^on	  Test@140K



Timepix at Fermilab: Lab-A

M.	  Filipenko

E-‐field	  simula^on

Timepix

Field	  shape	  ring

Glass	  chamber

●	  Timepix	  opera^onal	  test	  in	  cold	  temperature	  is	  done
●	  Cryocooler	  cooling	  test	  in	  progress
●	  The	  setup	  to	  be	  moved	  to	  PAB	  for	  the	  xenon	  test	  	  
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Xenon Based Detector R&D at Fermilab
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Solid	  Xenon	  Test	  Stand

Timepix	  (Fermilab	  &	  U.Erlangen)

XCD	  (Fermilab	  &	  U.Chicago)

Direc*onal	  DM	  	  (Fermilab	  &	  LBL)

Xe	  Bubble	  Chamber	  (Fermilab)
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Summary

●	  Solid	  Xenon	  is	  very	  aJrac*ve	  detector	  material	  
-‐	  Solid	  (crystal)	  phase	  of	  xenon	  is	  scalable	  
-‐	  Scin=lla=on	  light	  can	  be	  readout	  in	  large	  scale	  solid	  xenon	  	  
-‐	  Electron	  driW	  is	  faster	  in	  solid	  xenon	  
-‐	  Phonon	  readout	  (?..	  milliKelvin	  Facility	  at	  Fermilab)

●	  Fine	  tuning	  measurement	  to	  be	  con*nued	  	  
-‐	  Further	  characterize	  the	  scin=lla=on	  property	  (focused	  on	  PSD)	  
-‐	  Measure	  the	  electron	  driW	  velocity	  with	  beSer	  accuracy	  
-‐	  Crystallography	  of	  solid	  xenon	  will	  be	  soon	  carried	  out	  (Univ.	  Erlangen)

●	  Synergy	  of	  the	  infrastructure	  of	  the	  solid	  xenon	  test	  stand	  
-‐	  Timepix:	  SXe-‐based	  0νββ	  detector	  R&D	  
-‐	  XCD:	  LXe	  scin=lla=on	  property	  measurement	  
-‐	  Direc=onal	  DM:	  detector	  R&D	  for	  columnar	  recombina=on	  in	  GXe
-‐	  High	  pressure	  LXe	  Bubble	  Chamber:	  Dark	  maSer	  search	  R&D

Yoo2014-‐02-‐18

Thanks	  to	  technical	  and	  engineering	  crews	  at	  PAB,	  BEG,	  MAB,	  Lab-‐A,	  and	  Lab-‐F!



Backup	  Slides
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Xenon Phase Diagram

Solid
Liquid

Gas
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Inner Glass Chamber: Xenon Volume
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Xenon Gas at a Fermilab Shed 

Contents: Xenon 100% (Recovered)
Pressure: ~400psi
Volume : 1000L
Vendor: U.S.S.R.

Owner: PNPI (2/13/01)
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Fermilab Gas Shed Xenon Quality: RGA Readout

A	  lot	  of	  contamina^on!
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Research Grade Xenon Quality: RGA Readout

RGA	  Backgrounds
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RGA Background
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Cold Bath Control Trial
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Effective Phase Separator
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Effective Phase Separator
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Solid Xenon: How do we know?
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New Plumbing: Automate System Control
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Excimer Potential in the Solid (Crystal) Noble Element

Grosjean	  PRB	  56	  6975	  (1997)

●	  Weak	  van	  der	  Waals	  bonding	  of	  monoatomic	  solids	  
●	  Generally	  negligible	  chemical	  ac^vity	  in	  the	  ground	  state.

The	  M	  band	  as	  the	  major	  relaxa^on	  pathway	  for	  electronically	  
deposited	  energy	  in	  solid	  Ar:	  decay	  of	  Ar2*	  is	  the	  major	  source
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DAQ
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CAEN	  V1720B	  digi*zer

●	  VME	  module	  (op=cal	  Link	  CAEN	  protocol)
●	  12	  bit	  250	  MS/s	  ADC
●	  8	  channels
●	  2	  Vpp	  input	  range	  (single	  ended	  or	  differen=al)
●	  16-‐bit	  programmable	  DC	  offset	  adjustment:	  ±1	  V
●	  Trigger	  Time	  stamps
●	  Memory	  buffer:	  10	  MS/ch

daqman	  so`ware	  package	  (Ben	  Loer)

●	  Plug	  and	  Play
●	  Data	  acquisi=on	  /	  monitoring	  
●	  Convenient	  configura=on	  seyng
●	  Data	  processing	  →	  output	  ROOT	  trees	  
●	  Event	  display,	  analysis	  soWware	  tool	  set	  
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Electron Drift Test

Optical Fiber

Photo Cathode

Cathode Grid Anode Grid

Liquid Xenon

~20us/2cm (?)
@E=1000V/cm

Xenon
near triple point
<~5us/2cm (?)
@E=1000V/cm

Anode

● Need to improve the purity of xenon

2cm
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Crystallography Lab at Erlangen 

Erlangen group plans to pursue crystallography
study of the solid xenon 
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Crystallography (SAr)
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Crystallography (SAr)
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Crystallography (SAr)
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Crystallography (SAr)
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Crystallography (SAr)



Xenon Density vs. Pressure
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Xenon Diffusion Coefficient
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207Bi Gamma



Xenon Stopping Power
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Solid Xenon DocDB
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Expected Solar Axion Event Rate in a Germanium Crystal
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Electron Mobilities 
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Electron Drift in Solid & Liquid Xenon
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Timepix Test in Low Temperature

Timepix	  survived	  his	  first	  LN2	  bath	  and	  was	  fully	  opera=ve	  at	  -‐150C.	  
The	  muon/electron	  tracks	  are	  a	  defini=ve	  proof,	  that	  the	  device	  was	  opera=ng	  as	  it	  should
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Xenon Electric Potential

A.	  Bolozdynya
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Xenon Vapor Pressure vs. Temperature
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207Bi Gamma

hwp://www.radiochemistry.org
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133 Ba Source
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133 Ba Source
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Refractive Indices
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Sinnock	  et	  al.	  Phys.Rev	  181	  1297	  (1969)

L.M.Barkov	  et	  al.,	  NIM	  A379	  (1996),	  482L.M. Barkov et al./Nucl. Instr. and Meth. in Phys. Res. A 379 (1996) 482-483 483 

wavelength (rm) 

Fig. 2. LXe refractive index vs wavelength: circles indicate data from 
Ref. [2], the line indicates extrapolation of this data [3], and the square 
indicates the value obtained in this work. 

screen, maint~ned the LXe tempem~re with an accuracy 
of about 1’C. An X-ray tube was used in pulse operation 
mode with a pulse duration of 1 ,us. The y’s with an energy 
up to 50 keV emitted by the X-ray tube passed through a 
0.5 mm thick Al window in the bottom of the chamber. 
These X-rays (95% of which are absorbed within the first 
millimeter of the LXe) caused the scintillations (the scintil- 
lation mechanism is described in Ref. [ 41) . Thus, the light 
source in the experiment was the LXe scintillations region 
with a thickness of about 1 mm and a diameter equal to 
the diameter of the thin-wall window (6 mm). Diaphmgms 
were used to light reflected from walls, so this did not reach 
the photomultiplier window. A fused quartz flat-convex lens 
with a radius of curvature of 5 cm, a diameter of 3 cm and 
a thickness of 2 mm on the edge was used. The absorption 
in the quartz Iens and the window and the photomultip~er 
(PMT) sensitivity dependence on the wavelength change 
the shape of the spectrum of the detected emission. This 
spectrum has a peak at A = 180 nm. 

The signals from the PMT were fed to a shaping amplifier. 
The ampli~des of the pulses from the arnp~~er were mea- 
sured by a multichannel analyser. The PMT sensitivity and 
gain were controlled with the help of calibrated light pulses. 

4, Rem&s and discussion 

For the determination of the refractive index by measur- 
ing the ratio of the light intensities the sources of errors may 
be: temperature gradients, light source non-uniformity, PMT 
pho~ca~ode se~si~vi~ inhomogeneity, and external vibra- 
tions causing a ripple on the liquid surface. To exclude these 
errors, the chamber was calibrated in the visible light. A 
BGO crystal (/&titration peak = 480 nm) of 1 mm thick was 
set on the thin-wall Al window inside the Xe volume and 
was used as light source. The LXe refractive index at this 
wavelength was taken from Ref. [2]. Then the BGO crystal 
was removed and measurements of the LXe refractive index 
for intrinsic scintillation light were carried out. The value 
obtainedatA = 180nmisequalto 1.5655~0.0024~0.0078 
for the xenon triple point. The first error is due to the re- 
producibi~ty of the conditions in the chamber. The second 
one is due to some differences in ray paths in the cases of 
BGO and LXe scintillations. According to estimates, this 
error cannot exceed the value mentioned above and can be 
decreased by several times in the near future. The result of 
this measurement together with data from Ref. [ 21 and ex- 
trapolation from Ref. [ 31 are shown in Fig. 2. 
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V. CALORIMETRY 

●	  1.69	  +-‐	  0.02	  (@170K,	  178nm)	  
V.N.Solotov	  et	  al.,	  NIM	  A516	  (2004),	  462

●	  1.5655	  +-‐	  0.0024	  +-‐	  0.0078	  (@161K,	  180nm)	  
NIM	  A379	  (1996),	  482



For example: Light Yield in Solid Neon

R.A.	  Michniak	  NIM	  A	  482	  (2002)	  387–394
Slower	  component	  in	  solid
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Xenon Property

●	  No	  long	  life	  radio	  isotpe
→	  Intrinsic	  background	  free

●	  85Kr	  from	  natural	  air	  is	  a	  major	  concern
85Kr	  →	  85Ru	  +	  β	  (Emax	  =	  0.687MeV)

τ1/2	  =	  10.75	  year	  (99.57%)

●	  0.1	  ppm	  of	  Kr	  →	  ~	  1	  cpd/kg/keV	  gamma
XMASS	  achieved	  3ppt	  (Kr/Xe)	  level
using	  a	  gas	  dis=lla=on	  system

●	  External	  gamma	  source:	  U/Th/K/Co…	  
need	  to	  be	  shielded	  out	  
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Xenon Property

●	  Gamma	  backgrounds:	  all	  high	  energy	  gammas	  (>39.58	  keV)
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That was Expensive Test

PMT	  Failure	  in	  Solid	  Xenon	  @120K
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